The hypothesis was tested that estradiol (E2) from the ovarian follicles controls time of luteolysis. Time of luteolysis was evaluated by multiple measures of corpus luteum (CL) structure (area, volume) and function (progesterone [P4], luteal blood flow). The hypothesis for experiment 1 was that repeated ablation of follicles would reduce circulating E2 and delay luteolysis. Heifers were randomly assigned on Day 9 (Day 0 ¼ ovulation) to three groups. All follicles !4 mm were ablated on Day 9 (group FA9; n ¼ 6); Days 9-15 (group FA15; n ¼ 6); or Days 9-21 (group FA21; n ¼ 7). As expected, follicular ablation delayed (P , 0.001) the rise in circulating E2 and peak E2 concentrations (FA9, Day 17.6 6 0.7; FA15, Day 20.3 6 0.3; FA21, Day 24.9 6 0.3). Luteolysis (based on each measure) was delayed (P , 0.005) by repeated ablation of follicles, with earlier luteolysis (based on P4 decrease) in FA9 (Day 15.2 6 0.8) than FA15 (Day 16.5 6 0.4), and a further delay in FA21 (Day 18.3 6 0.5). The hypothesis of experiment 2 was that exogenous treatment with E2 would stimulate prostaglandin F 2alpha (PGF) secretion and prevent the delay in luteolysis associated with follicular ablations. Follicles !4 mm were ablated from Day 9 to Day 17 (n ¼ 15). Heifers were treated on Days 13 and 15 with 1.0 mg of estradiol benzoate (FAE2; n ¼ 7) or vehicle (FAV; n ¼ 8). Treatment with E2 induced PGF secretion (detected by PGF metabolite) and induced earlier (P , 0.02) luteolysis in FAE2 than in FAV, whether determined by circulating P4 or by area, volume, or blood flow of CL. In summary, ablation of follicles (!4 mm) delayed and treatment with E2 hastened luteolysis in heifers with ablated follicles. Thus, these results are consistent with an essential role for follicle E2 in timing of luteolysis.
INTRODUCTION
In cattle, the reported average length of the estrous cycle varies from 18 to 24 days [1] [2] [3] . The lifespan of the corpus luteum (CL) is the major determinant of the length of the cycle. Functional and structural regression of the CL (luteolysis) starts on Day 15 (Day 0 ¼ ovulation) in heifers [4] and is attributed to secretion of prostaglandin F 2a (PGF) from the uterus. Current models on the mechanisms regulating luteolysis in ruminants contain critical roles for changes in expression of endometrial receptors for estradiol (E2), progesterone (P4), and oxytocin in regulation of the timing of uterine PGF secretion and subsequent luteolysis (reviewed in Silvia et al. [5] , Arosh et al. [6] , and Weems et al. [7] ). In these models, E2 receptor expression is suppressed in the endometrium during early and mid luteal phases, presumably by an inhibitory action of the increasing P4 concentrations [8] . There is also an inhibitory action of P4 on oxytocin receptor gene expression in cows during the early and mid luteal phases of the cycle [9] . A critical aspect of these models is an increase in E2 receptor (ESR1) in the uterus after a decrease in uterine P4 receptor (PGR) and/or decreased uterine P4 sensitivity [10] . Subsequently, activation of E2 receptor by circulating E2 is postulated to stimulate the synthesis of endometrial oxytocin receptors, with subsequent oxytocin-induced secretion of PGF from the uterus [5, 11, 12] . In cattle, the initial rise in oxytocin receptors preceding luteolysis occurs 15-16 days after estrus [13, 14] . In this regard, uterine venous PGF first increases 15-16 days after estrus in cows [15] , with increases in circulating concentrations of the PGF metabolite, 13,14-dihydro-15-keto-PGF2a (PGFM), generally used as a monitor for uterine PGF secretion [4, 16] .
Circulating E2 has been proposed to have a central role in the physiologic cascade involved in luteolysis [17] . In this regard, it is well known that follicle growth in cattle is characterized by follicular waves, with selection of a single dominant follicle from each wave [18] . After emergence, circulating E2 increases from nondetectable concentrations (,0.2 pg/ml) during wave emergence to low but increasing concentrations (1-2 pg/ml) at the beginning of follicular deviation, a time when the future dominant follicle begins to have a greater growth rate than the future largest subordinate follicle [18, 19] . The source of E2 during luteolysis would be expected to be the ovarian follicles, especially the largest or future dominant follicle that would become the ovulatory follicle [19] . Several experiments conducted before the introduction of ultrasound for follicle evaluation [20] have supported the involvement of the follicles in regulation of the luteolytic cascade. Destruction of ovarian follicles by electro cauterization in sheep [21, 22] or x-ray irradiation in heifers [23] [24] [25] extended CL lifespan. More recently, a delay in luteolysis was found in heifers when follicle-stimulating hormone (FSH), and therefore follicle growth, was suppressed by treatment with charcoal-extracted bovine follicular fluid [17] . However, no difference was observed in mean serum E2 concentrations between control and follicular fluid-treated cows. Although the follicle destruction and suppression studies have shown that the follicles are needed for luteolysis to occur at the expected time, such studies did not demonstrate that the active follicular factor was E2. However, other studies are compatible with a pivotal role for E2 in luteolysis. Treatment with pharmacological doses of exogenous E2 stimulated PGF secretion and premature luteolysis in cows and sheep [26] [27] [28] .
However, a role for endogenous E2 from follicles as a stimulator of PGF secretion in the timing of luteolysis was not demonstrated directly in any of these studies.
The present experiments evaluated the physiologic relationship between production of E2 by follicles and timing of luteolysis. Experiment 1 was designed to study the effects of repeated follicular ablations on the timing of luteolysis. Experiment 2 used the delayed-luteolysis model developed in experiment 1 to study the effects of exogenous E2 treatment on timing of uterine PGF secretion and luteolysis. The cow was chosen as the animal model for these studies because ultrasound-guided follicular ablation can be used to continuously eliminate follicles even as multiple measures of CL structure and function (size, blood flow, circulating P4) are monitored to determine the timing of luteolysis. The hypotheses were: 1) repeated ablation of follicles reduces circulating E2 and delays luteolysis (experiment 1) and 2) exogenous treatment with E2 induces uterine secretion of PGF and luteolysis (experiment 2). To provide additional information on the CL during these experiments, transrectal grayscale (Bmode) and color Doppler ultrasonography were used to measure the area, volume, and blood flow of the CL.
MATERIALS AND METHODS

Animals
Animals were handled in accordance with the U.S. Department of Agriculture's guide for Care and Use of Agricultural Animals in Research, with procedures approved by the Animal Care and Use Committee of the University of Wisconsin-Madison College of Agriculture and Life Sciences. A total of 34 Holstein and crossbred heifers were used in two experiments during March to May (experiment 1) and September to October (experiment 2). In experiment 1, heifers (n ¼ 19) were ages 18-24 mo and weighed 505-737 kg (587.6 6 16.7 kg). In experiment 2, heifers (n ¼ 15) were ages 12-16 mo and weighed 325-468 kg (376 6 10.9 kg). During both experiments, heifers had free access to a mixture of grass and alfalfa hay, mineralized salt, and water. Heifers were in good body condition throughout the experiments (.2.75 on scale of 1 to 5, with 1 being emaciated and 5 being obese). The heifers had been selected previously for docile temperament and no apparent abnormalities of the reproductive tract, as determined by ultrasound examinations [29] .
Ultrasound Scanning
A duplex B-mode (grayscale) and pulsed-wave color Doppler ultrasound instrument (Aloka SSD 3500; Aloka America, Wallingford, CT) equipped with a linear-array, 7.5-MHz transducer was used for transrectal scanning as described previously [29, 30] . To generate optimal ultrasound images, heifers were sedated during scanning with xylazine hydrochloride (14 mg per heifer i.m.; Xila-ject; Phoenix Pharmaceutical Inc., St. Joseph, MO), as described previously [31] . This sedation method did not induce local changes in vascular perfusion in the ovaries or endometrium, as determined by color Doppler ultrasonography [31] . The heifers were scanned daily to identify the day of ovulation (Day 0). The experiment started on Day 9, and heifers were scanned once a day until the next ovulation. The maximum CL area (in square centimeters) and volume (in cubic centimeters) were determined at each examination using a B-mode still image and the tracing function (area) or the three-dimensional volume option (volume) in each experiment. The CL cavity was subtracted from the area and volume. The time of day for ultrasound examinations was kept constant during each experiment. Heifers were scanned between 1900 and 2300 h in experiment 1 and between 1500 and 1900 h in experiment 2.
In color Doppler (Power-flow mode), the displayed color signals were used to estimate the percentage of CL area with blood flow during real-time scanning, as described [4, 32] and validated [4, 32, 33] previously. All scans were performed at a constant color-gain setting and a velocity setting of 6 cm/sec. A velocity setting was used that maximized detection of blood flow by color signals with minimal aliasing [30] . The principles and techniques of transrectal Doppler ultrasonography in large-animal reproduction have been reviewed previously [30, 34] .
Follicle Ablations
Ultrasound-guided transvaginal ablation of follicles was performed as described previously [35, 36] . Briefly, the ultrasound scanner was equipped with a 7.5-MHz sector transducer and was used transvaginally to image the follicles during transrectal ovarian manipulation. A 17-gauge needle (connected to a vacuum pump) was inserted through the transvaginal transducer and into each follicle !4 mm, and the contents were removed under vacuum suction (;130 mm Hg). The ablation procedures were done after obtaining the CL and follicular data. Caudal epidural anesthesia (2-4 ml of 2% lidocaine hydrochloride; Phoenix Pharmaceutical) was used to minimize abdominal straining. The ovaries were reexamined by transrectal ultrasonography to assess whether all follicles !4 mm were ablated successfully.
Experiment 1
On Day 9, heifers were assigned randomly by replicate to three treatment groups. All follicles !4 mm were ablated on Day 9 (group FA9; n ¼ 6); Days 9, 11, 13, and 15 (group FA15; n ¼ 6); or Days 9, 11, 13, 15, 17, 19 , and 21 (group FA21; n ¼ 7). Any follicle .5.5 mm found between two ablation sessions (for groups FA15 and FA21) was also ablated; this criterion was based on a previous trial. It was assumed that follicles that continued to grow or refill with fluid during a 2-day interval between ablations may secrete E2. A sham ablation procedure was performed for group FA9 (on Days 11, 13, 15, 17, 19, and 21) and for group FA15 (on Days 17, 19, and 21) . After the last ablation for each group, the four largest follicles were tracked until ovulation by ultrasonography, as described previously [29] . Blood samples were taken by puncture of the coccygeal vein once a day just before each ultrasound examination until ovulation occurred. The protocol is shown (Fig. 1 ).
Experiment 2
All follicles !4 mm were ablated every day in 15 heifers, starting on Day 9 and lasting until Day 17. On Day 13, heifers were assigned randomly by replicate into a follicle-ablation estradiol group (FAE2; n ¼ 7) and a follicleablation vehicle group (FAV; n ¼ 8). The heifers in FAE2 received two treatments of 1.0 mg of estradiol benzoate diluted in sesame oil i.m. at 0700 h on Days 13 and 15, as shown in Figure 1 . The heifers in group FAV received an equivalent volume of sesame oil. After the last ablation, the four largest follicles were tracked until next ovulation by ultrasonography, as in experiment 1. Blood samples were taken by puncture of the coccygeal vein every 12 h from Day 9 to ovulation. On Days 13 and 15, blood samples were also taken 2 h before, immediately before, and 2, 4, 8, and 12 h after E2 or vehicle injection to measure plasma E2 and PGFM.
Blood Samples and Hormone Assays
Blood samples were collected into heparinized tubes and immediately placed in ice-cold water for 10 min. The tubes were centrifuged (2000 3 g for 10 min), and plasma was separated and stored at À208C until assayed. The plasma samples were assayed for P4, E2, and FSH in experiments 1 and 2 and also for PGFM in experiment 2.
Plasma P4 concentrations were measured using a solid-phase radio immunoassay (RIA) kit containing antibody-coated tubes and 125 I-labeled P4 (Coat-A-Count Progesterone; Diagnostic Products Corp., Los Angeles, CA). The assay procedure for bovine plasma was validated in our laboratory as described previously [4] . The intraassay coefficient of variation (CV) and sensitivity were 8.0% and 0.04 ng/ml, respectively, for experiment 1. The intraassay CV, interassay CV, and sensitivity were 3.0%, 4.8%, and 0.02 ng/ml, respectively, for experiment 2.
Plasma concentrations of E2 were determined using a commercial RIA kit (Double Antibody Estradiol; Diagnostic Products). The procedure in our laboratory has been described previously for cattle [18, 37] , with the following modifications. Standards (0.78-100 pg/ml) were prepared in steroid-free (charcoal-treated) bovine plasma. The standards and plasma samples (500 ll in duplicate) were extracted with 3 ml of diethyl ether, frozen in a dry-ice/ methanol bath, decanted into assay tubes, and dried overnight under the hood. The dried samples and standards were resuspended with 100 ll of assay buffer (0.1% gelatin in PBS). The intra-assay CV, interassay CV, and sensitivity were 6.2%, 7.7%, and 0.08 pg/ml, respectively, for experiment 1, and 5.0%, 7.0%, and 0.09 pg/ml, respectively, for experiment 2.
Plasma FSH concentrations were measured by RIAs as previously described [38, 39] and modified [40] in our laboratories. Intraassay CV and sensitivity for experiment 1 were 6.5% and 0.03 ng/ml, respectively. For experiment 2, the intraassay CV, interassay CV, and sensitivity were 8.3%, 6.5%, and 0.03 ng/ml, respectively. The RIA procedure for plasma concentrations of PGFM has been described [41, 42] and validated in our laboratory [4] . The intraassay CV and the sensitivity were 8.3% and 45.4 pg/ml, respectively.
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Definitions
The beginning of luteolysis was indicated by the first significant decrease in mean P4 concentrations between two consecutive days (experiment 1) or at 24-h intervals (experiment 2) based on paired t-tests within a group. The 24-h interval was used to avoid potential confusion from diurnal variation in P4 concentration. For comparisons among end points, timing of functional luteolysis was defined as the day after ovulation before serum P4 declined to less than 50% of the average for the four maximum P4 concentrations in the cycle, as described previously [43] . Similarly, timing of morphologic luteolysis was based on a 50% decrease in CL blood flow, CL volume, or CL area. Thus, to provide uniformity in comparing the different methods for defining functional versus structural luteolysis, all calculations were based on a 50% decrease from the four maximal values.
Day of follicular wave emergence was defined as the day subsequent to ablation (FA9 in experiment 1) or after the last ablation (FA15 and FA21 in experiment 1, and FAE2 and FAV in experiment 2) in which follicles greater than 4 mm were identified and continued to grow. For each follicular wave, the follicle that reached the largest diameter was defined as the largest follicle. Growth rate of the largest follicle was calculated by subtracting the follicular diameter at emergence from the greatest diameter of the largest follicle before ovulation and dividing by the number of days between these values. One ablation session was defined as the procedure in which follicles !4 mm in each heifer were ablated after each ultrasound scanning. A period of ablation was defined as the interval (in days) between the first ablation session and the last session for each group. For example, group FA15 had a period of ablation of 7 days.
Statistical Analysis
Data were examined for normality with the Shapiro-Wilk test. Data that were not normally distributed were transformed to natural logarithms, square roots, or rank, except that percentage CL blood flow was transformed by arcsine. The data were analyzed by SAS MIXED procedure (version 9.1.3; SAS Institute Inc., Cary, NC) with a REPEATED statement for main effects of group and time (day or hour) and their interaction. Differences between two means were evaluated by Student t-test, and differences among more than two means were further analyzed by Duncan multiple-range test. A probability of P 0.05 was used to indicate significance, and probabilities between P . 0.05 and P 0.10 indicated that a difference approached significance. Data are given as the mean 6 SEM unless otherwise indicated.
RESULTS
Experiment 1
The mean (6SEM) number of ablations per heifer for groups FA9, FA15, and FA21 was 1.3 6 0.2, 5.8 6 0.3, and 10.3 6 0.6, respectively. There were no significant differences for the interval between ablations (1.2 6 0.06 and 1.3 6 0.09 days) or for mean diameter of the largest follicle during the ablation period (6.4 6 0.2 and 6.2 6 0.2 mm) between FA15 and FA21, respectively.
Circulating concentrations of P4 and results of statistical analyses are shown ( Fig. 2A) . The main effects of day and group and the interaction were significant. The interaction of group by day reflected an earlier decrease (initiation of functional luteolysis; P ,0.05) in concentrations for FA9 (after Day 14) compared with after Day 16 in FA15 and after Day 18 in FA21. At Days 15 and 16, P4 was lower in FA9 than in the other two groups, and P4 was higher on Days 17, 18, and 19 in FA21 than in the other two groups. The changes in CL blood flow and the results of statistical analyses are presented (Fig. 2B) . Main effects and the interaction were significant. The first decrease (P , 0.05) in blood flow began after Days 15, 16, and 18 for FA9, FA15, and FA21, respectively. Differences between groups on specific days after ovulation are shown (Fig. 2B) .
For circulating E2 concentrations, the main effects of group and day and their interaction were significant (Fig. 3A) . The interaction was primarily due to the first increase (P , 0.05) in 428 the increase in E2 approached significance (P , 0.08) on Day 20. Other differences among groups are shown in Figure 3A . The mean FSH concentrations and the statistical analyses are presented (Fig. 3B) . Main effects of group and day and their interaction were significant. The interaction involved greater (P , 0.05) FSH concentrations in FA15 and FA21 than in FA9 from Day 12 until Day 17 and greater (P , 0.05) concentrations in FA21 than in FA15 on Days 18, 19, and 20. Concentrations increased (P , 0.05) in all three groups between Days 9 and 10, following the first follicle ablation, and began to decrease on Days 11, 17, and 22 in groups FA9, FA15, and FA21, respectively.
The key results of experiment 1 are summarized in Tables 1  and 2 . The day of wave emergence differed among groups; emergence occurred on the day following the last follicular ablation in all groups ( Table 1) . Concentrations of P4, E2, and FSH on day of emergence of the follicular wave are shown for each group (Table 1) . Only P4 concentration differed among groups and was lower (P , 0.05) in the FA21 group than in the other two groups. As expected, the intervals from ovulation to ovulation and from emergence to ovulation increased and decreased progressively in groups FA9, FA15, and FA21. Maximum diameter of the largest follicle was greater for group FA9 than for the other two groups. Differences in growth rate of the largest follicle approached significance, with a greater growth rate in the FA21 group than in the FA9 group and an intermediate value for the FA15 group. Table 2 summarizes the key analyses related to luteolysis in experiment 1. Concentrations of P4 and CL characteristics (blood flow, volume, and area) did not differ among groups on the day prior to luteolysis (based on a 50% decrease in P4). Concentration of E2 on the day before luteolysis was greater for FA9 than for the other two groups. Concentrations of FSH were lower in FA9 than in the other two groups, with FA15 and FA21 also differing. Day of luteolysis-functional or structural (Table 2 )-significantly differed among groups for all end points. Luteolysis was delayed in that the interval (days) from ovulation to luteolysis was greater for FA21 than for FA15 and was greater for FA15 than for FA9 for all end points, except that the day of luteolysis based on a 50% decrease in P4 approached a significant difference between FA9 and FA15. In general, luteolysis occurred 1.5 days later in FA15 than in FA9, and another 1.9 days later in FA21 than in FA15. The day of luteolysis significantly differed among end points (comparisons within columns) within a group. Luteolysis was similar when based on a 50% decrease in P4, CL blood flow, and CL volume, but it occurred later when based on CL area or P4 ,1 ng/ml.
Experiment 2
The number of ablation sessions was greater (P ¼ 0.05) for FAV (8.8 6 0.3) than for FAE2 (7.3 6 0.9), and the interval between ablations (1.04 6 0.04 and 1.39 6 0.22 days, respectively) approached a significant difference (P ¼ 0.06). Diameter of the largest follicle during the ablation period was greater (P , 0.01) for FAV (5.68 6 0.13 mm) than for FAE2 (4.94 6 0.17 mm).
For E2 (Fig. 4A) , main effects of group and time and their interaction were significant. The interaction reflected greater (P , 0.05) E2 concentrations in FAE2 than in FAV from Day 13 until Day 18. The mean circulating E2 concentrations were below 0.5 pg/ml during the ablation period from Day 9 (1900 h) until Day 13 (0700 h) in FAE2 or until Day 17 (1900 h) in FAV. In FAV, mean plasma E2 concentration remained below 0.5 pg/ml until 2 days after ablation ended (Day 19 at 0700 h). Mean plasma E2 concentration for FAV first increased (P , 0.05) on Day 21 (0700 h).
Both main effects and the interaction were significant for circulating P4 concentrations (Fig. 4B) . The interaction For FSH concentration (Fig. 4C) , the interaction of group by time was due to a precipitous decrease (P , 0.05) in FAE2 beginning 8 h after treatment on Day 13, followed by a recovery and then another decrease after the second treatment (Day 15), and final recovery reaching values similar to those of FAV on Day 17. The concentrations did not decrease in FAV. In both groups, the concentrations increased (P , 0.01) on Day 10 (1 day after ablation) and decreased (P , 0.001) between Days 18 and 19 (2 days after last ablation).
For PGFM concentrations, the main effect of hour and interaction of group by hour were significant, but the main effect of group only approached significance (Fig. 6) . The interaction reflected greater (P , 0.002) concentrations in FAE2 than in FAV between Hours 4 and 24 after E2 treatment. In FAE2, the mean PGFM concentration first increased (P , 0.04) at Hour 4, reached a peak at Hour 8, and decreased (P , 0.04) by Hour 24, followed by a plateau.
For CL blood flow, the day effect and interaction were significant, and the group effect approached significance (Fig.  7) . The interaction was due to increased (P , 0.005) and greater (P , 0.01) blood flow on Day 13 and an earlier decrease (P , 0.01) between Days 13 and 14 in FAE2, with a subsequent decline between Days 15 and 16 that reached minimal values on Day 18. The FAV group had a significant decline in CL blood flow by Day 17, with minimal values by Day 22 (Fig. 7) .
The day of emergence and the diameter of the largest follicle on the day of emergence (Table 3) did not differ (P . 0.10) between treatment groups. However, concentrations of P4, E2, and FSH on the day of emergence differed (P , 0.02) between groups because of lower (P , 0.02) P4 and FSH and greater (P , 0.0001) E2 concentrations in FAE2 than in FAV. No 430 differences (P . 0.10) were observed for interovulatory interval, interval from emergence to ovulation, or number of ovulations among groups (Table 3) . However, the maximum diameter of the largest ovulatory follicle was greater (P , 0.03) for FAE2 than for FAV, likely reflecting the greater (P , 0.04) growth rate of the largest ovulatory follicle observed for FAE2.
The key analyses related to luteolysis in experiment 2 are summarized in Table 4 . On the day prior to luteolysis (based on a 50% decrease in P4), the concentrations of P4 and the CL measurements (blood flow, volume, and area) did not differ between groups. Concentration of E2 was higher and FSH lower for FAE2 than for FAV. Day of luteolysis (Table 4) differed between groups for each end point, with luteolysis occurring !2 days earlier in FAE2 than in FAV for each of the characteristics of luteolysis. There were differences in the day of luteolysis among the methods used for measuring luteolysis. Day of luteolysis was similar when based on a 50% decrease in P4, CL blood flow, or CL volume, but it was 2 days later when based on CL area and P4 ,1 ng/ml.
DISCUSSION
The functional communication between the uterus and ovary has been investigated and demonstrated at multiple stages of the reproductive cycle. One of the most intriguing aspects of this relationship is the critical role of the uterus in regression of the CL in nonpregnant animals. In many species, including ruminant species, PGF is the critical uterine factor that determines the timing of CL regression, and therefore it is the primary determinant of cycle length. In the present study, 
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we provide compelling evidence that the ovary, through secretion of follicular E2, is an important regulator of the timing of uterine PGF secretion, and therefore luteolysis. These studies used a follicle-ablation approach that has been extensively used in previous experiments to evaluate the relationships between follicle dynamics and concentrations of circulating hormones [44] [45] [46] [47] . This procedure was effective in our studies, as demonstrated by lower circulating E2 concentrations that were similar to concentrations in ovariectomized cows [12] , a consistent elevation in FSH concentrations for as long as follicle ablations continued, and a delay in the increase in E2 concentrations and peak E2 until after follicle ablation was discontinued. The first experiment provided clear evidence that ablation of follicles decreased circulating E2 and delayed the timing of luteolysis, both functional and structural. Multiple structural and functional measures of luteolysis were used in this study, and each indicated a later time of luteolysis when ovarian follicles !4 mm were eliminated. In the second experiment, reintroduction of E2 in the follicle-ablated animals caused an earlier increase in PGF secretion (as indicated by circulating PGFM) and eliminated the delay in luteolysis. However, the concentration of E2 achieved by the 1-mg estradiol benzoate treatment clearly exceeded the normal circulating concentrations that were present at this time in the follicle-intact animals (experiment 1). Doses of 0.1 mg or less of estradiol benzoate would be needed in future experiments to mimic the exceedingly low physiological concentrations present near the time of follicle deviation. This study used the classical approach of ablation of an endocrine gland with subsequent hormone replacement to demonstrate that ovarian follicles, and specifically E2 secretion by ovarian follicles, is critical for timing of uterine PGF secretion and subsequent luteolysis. Thus, the study used a novel approach and multiple measures of luteolysis to provide data that follicular E2 does control the timing of luteolysis, consistent with most [17, [21] [22] [23] [24] 48] but not all [8, [49] [50] [51] previous studies in this area.
On the basis of our results and other published results [5] [6] [7] 52 ], a physiological model is proposed for the timing of luteolysis in ruminants (Fig. 8) . Pulses of oxytocin arise from pulsatile release of oxytocin from the posterior pituitary gland, and during luteolysis these pulses are amplified by oxytocin from the CL. Following acquisition of oxytocin receptors in the luminal epithelium of the endometrium, secretion of PGF is stimulated by these pulses of oxytocin after binding of oxytocin to the oxytocin receptor [5, 52, 53] . The acquisition of responsiveness to oxytocin by the endometrial epithelium appears to depend on a coordinated action of P4 and E2 and their respective receptors [54] [55] [56] [57] . During early and mid luteal phases, E2 receptor expression is suppressed in the endometrium, presumably by an inhibitory action of increasing P4 concentrations [8, 57] . However, this has been questioned in one study using cattle [51] . During the late luteal phase, E2 receptors in the uterus increase after the decrease in uterine P4 receptors and/or decreased uterine P4 sensitivity [10, 51] , in part because of E2 upregulating the expression of its own receptor in endometrial cells [58] [59] [60] . In addition, stimulation of uterine E2 receptor by circulating/follicular E2 stimulates synthesis of oxytocin receptors in the endometrium, with subsequent oxytocin-induced secretion of PGF from the uterus [5, 11, 12] . Oxytocin receptors in the uterus are synthesized in the presence of circulating E2 after P4 receptor downregula- tion, which occurs after P4 exposure of 12 days in cows or 10-12 days in sheep [51, [61] [62] [63] [64] . Priming by P4 is required for PGF secretion in response to E2 [64, 65] .
Evidence for the role of follicular E2, as proposed in this model, is provided by the results of this study and from previous results [17] . For example, concentrations of E2 were higher in FA9 than FA15 on the day before luteolysis. It is hypothesized that heifers in the FA9 group already had sufficient circulating E2 prior to initiation of luteolysis, but that the rate-limiting step in these heifers was the acquisition of E2 receptors in the uterus. In contrast, later luteolysis in FA15 and FA21 heifers would be postulated to occur because of later E2 activation of E2 receptors, and not because of later acquisition of uterine E2 receptors. Thus, the timing of upregulation of oxytocin receptors and subsequent oxytocininduced PGF secretion would be postulated to be regulated either by timing of E2 receptor upregulation (FA9; circulating E2 present prior to E2 receptor) or by timing of follicular E2 secretion (FA15 and FA21; E2 receptor present prior to circulating E2). A delay in either of these events could delay PGF secretion and luteolysis, resulting in a longer luteal phase. Similarly, Salfen et al. [17] reported that delaying the subsequent follicular wave by treatment with steroid-stripped follicular fluid resulted in delayed luteolysis; however, the authors did not show any delay in E2 secretion, as was shown in the present study. Thus, the results of multiple studies are consistent with this physiological model. However, key aspects of this model, particularly the timing of uterine E2 and oxytocin receptors in the absence of follicular E2, and the precise temporal relationship between acquisition of these receptors, increases in circulating E2, and uterine PGF secretion need to be tested. In addition, previous results with high doses of exogenous E2 indicate that E2 may induce PGF secretion at earlier times in the cycle (Day 9-10 in ewes; [26] ) suggesting that uterine E2 responsiveness may be a relative value and not a categorical shift from an unresponsive to a responsive state.
This simplified model does not address the role of intraluteal PGF production and intraluteal E2 action in the luteolytic process (for review, see Niswender et al. [66] ). Indeed, PGF secretion from ruminant luteal cells is well documented [67] , and E2 appears to enhance the luteolytic effects of low doses of PGF in hysterectomized ewes with ovarian follicles removed by x-irradiation [68] . Thus, the initiation of luteolysis is clearly dependent on uterine PGF secretion, which relies on follicular E2 as described in this model; however, intraluteal mechanisms must clearly be considered in more complete models of luteolysis, including the possible intraluteal actions of E2 and intraluteal production of PGF.
The model and the results of this study provide a rational basis for explaining the occurrence of luteolysis 2 or 3 days earlier in cows with two versus three follicular waves during an estrous cycle [3, 43, [69] [70] [71] . Additionally, emergence of the second follicular wave occurs earlier in cows with three waves versus two waves during the estrous cycle (Days 8-9 versus Days 10-12 [3, 18, [72] [73] [74] ). The FA9 animals in experiment 1 might be compared to cows with two follicular wave cycles because they had similarities in emergence of the second follicular wave (on Day 10), length of the interovulatory interval, interval from emergence to ovulation, as well as growth rate and diameter of the largest ovulatory follicle [3, 43, 73] . Conversely, heifers in FA15 had emergence of the new follicular wave on Day 16, similarly to heifers with three follicular waves during a spontaneous estrous cycle (emergence of third wave on Day 16 [18, 43] ). In addition, FA15 animals were similar to heifers with three follicular waves in length of the interovulatory interval, interval from emergence to ovulation, as well as growth rate and diameter of the preovulatory follicle [3, 18, 43, 73] . For both groups (FA9 and FA15), concentrations of P4 were high (!6.90 ng/ml) on day of emergence of the follicular wave. Thus, the hypothesis proposed by McCracken et al. [74] that E2 binding to its receptors in the endometrium initiates a chain of events that culminates in luteolysis is supported, because E2 increased as the follicular wave was allowed to emerge and subsequently was followed by the initiation of luteolysis.
The model also predicts that the later increase in circulating E2 associated with emergence of a new wave in animals with three follicular waves (FA15) than in animals with two follicular waves (FA9) was responsible for delaying luteolysis. Authors of earlier studies suggested that the time of luteolysis relative to the time of emergence of the second wave might determine whether cycles would have two or three waves of follicular development [2, 3, 69] . The results of the present studies support the opposite interpretation. The correspondence between the timing of an E2-active dominant follicle and the 
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responsiveness of the uterus to follicular E2 seems to be the major determinant of luteal phase length. Thus, if the secondwave dominant follicle loses dominance and E2 secretion prior to acquisition of uterine E2 responsiveness, then luteolysis would be delayed until the increase in E2 secretion from the third-wave dominant follicle, similar to our results in FA15. Thus, we postulate that there are two independent events that must occur for initiation of luteolysis to occur. First, there must be E2 responsiveness in the uterus; second, there must be sufficient circulating E2 to activate a uterine E2 response. In heifers with two follicular waves, high E2 (from the secondwave dominant follicle) is already present at the time uterine E2 responsiveness is acquired; therefore, timing of luteolysis is set by the time of acquisition of sufficient uterine E2 responsiveness. In contrast, cows with three follicular waves have loss of E2 secretion from the second follicular wave prior to acquisition of uterine E2 responsiveness; therefore, the timing of luteolysis is delayed, not because of delays in acquisition of E2 responsiveness but because of a delay in sufficient circulating E2 until the third-wave dominant follicle produces sufficient E2 to activate the luteolytic cascade. In addition, previous researchers have suggested that serum E2 concentrations achieved by the second-wave dominant follicles in animals with three follicular waves, as well as the timing of E2 production, may be insufficient to trigger the luteolytic cascade [17] . Thus, the factors (genetic, environmental, nutritional, age, etc.) that determine the timing of emergence and duration of the first and second follicular waves would determine whether a third follicular wave emerges prior to acquisition of sufficient uterine E2 responsiveness (approximately Days 14-15 after ovulation), and therefore would be the key determinants of the timing of luteolysis.
One puzzling observation in our study was the lack of a more extensive delay of luteolysis in the FA21 group. The various designators of luteolysis began at Days 18-20 in this group, even though follicle ablations continued until Day 21. In a simple mechanistic model in which follicular E2 had complete control of timing of uterine PGF and luteolysis, we would not have expected a delay of luteolysis until after the end of follicular ablations and the subsequent rise in circulating E2. There are multiple possible explanations for this result that cannot be distinguished clearly based on our experimental results. One potential explanation is that follicular E2 regulates uterine PGF secretion only until a certain stage of the luteal phase (i.e., Days 18-19 in our experiment). After this critical stage, activation of the uterine E2 receptor by E2 is not needed to initiate the process of luteolysis. In other words, uterine PGF secretion and luteolysis will proceed independently of E2 after a certain stage of uterine differentiation. This is consistent with the finding that follicular destruction extended luteal function but did not prevent later luteal regression in cattle [23, 24] and sheep [22, 48] . Thus, these results support the view that E2 might be a permissive but not an absolute requirement for luteolysis in cows. An alternative explanation is that the follicular ablation technique did not provide complete removal of circulating E2, and a low level of E2, possibly combined with increasing uterine responsiveness to E2, allowed initiation of uterine PGF pulses and luteolysis during continued follicular ablation. This explanation seems plausible, given that some follicular cells may remain after follicular ablation, and extremely elevated FSH concentrations may drive low but physiologically relevant E2 production from remaining follicular cells or smaller follicles. The first statistically significant increase in circulating E2 did not occur until Day 22 in the FA21 group, but earlier small elevations in E2 may have been sufficient to trigger luteolysis. Alternative explanations for luteolysis in this group include mechanical effects of multiple follicle ablations and initiation of intraluteal PGF production or other intraluteal regulators of luteolysis independently of uterine PGF secretion. Further research will be required to differentiate these contrasting explanations for the lack of an indefinite delay in luteolysis during follicular ablation.
Multiple measures of luteolysis were used in this study, generally based on a 50% decrease from maximum values. Previous studies on the follicle-luteolysis relationship based the timing of luteolysis on weight of CL [22, 23, 26] , circulating P4 concentrations [23, 25] , or cumulative P4 concentration [17] . None of these previous studies definitely demonstrated the relationship of follicular growth and secretion of follicular E2 in regulating the timing of luteolysis. In the present study, the use and comparison of different measurements of the timing of luteolysis have added novel information and should aid in comparing previous and future studies on luteolysis. Luteolysis based on a 50% decrease in P4 concentration 434 occurred at the numerically earliest time for all treatment groups, but this was not significantly different from the time of luteolysis calculated from a 50% decrease in CL volume or luteal blood flow. Consistent with previously published reports [29, 75, 76] , the 50% decrease in P4 was ;2 days earlier than the 50% decline in CL area. It appears that CL volume more closely corresponds to luteal P4 production and functional luteolysis, probably because the CL area is based solely on a linear measurement of diameter, whereas CL volume is calculated using radius to the third power and better corresponds to the total functional luteal tissue. The decline in circulating P4 to less than 1 ng/ml was generally very similar to timing of luteolysis based on CL area.
The relationship of luteal blood flow to luteolysis and P4 concentration in cattle and horses has been reported previously based on color Doppler ultrasonography [4, [77] [78] [79] . In the present study, an acute increase in luteal blood flow was observed in association with the treatment with exogenous E2. This acute increase in luteal blood flow corresponded to the increase in uterine PGF secretion following E2 treatment. A transient increase in luteal blood flow has been reported to occur in close association with individual PGFM pulses during spontaneous luteolysis [4] and during PGF-induced luteolysis [4, 77, 78] . In the FAE2 group, the transient increase in luteal blood flow was temporally associated with the beginning of the progressive decrease in circulating P4 corresponding to luteolysis. The acute increase in blood flow was not observed in experiment 1 or in the FAV group of experiment 2. The decrease in blood flow during luteolysis was observed in all groups. The spontaneous PGFM pulses during natural luteolysis can occur at variable times during the day, and this may make it difficult to detect the transient stimulation of luteal blood flow occurring during luteolysis [4] . Other spectral Doppler end points (resistance indices and relative blood flow velocities) were also measured in this experiment (data not shown), and these indices also indicated a decrease in vascular resistance (increased luteal blood flow) associated with E2 treatment. There was also an earlier increase in vascular resistance (decreased luteal blood flow) and decreased blood velocity in FAE2 compared with FAV, consistent with expected changes during luteolysis in FAE2 and prolonged lifespan of the CL in FAV. Thus, the use of multiple structural and functional measures of luteolysis, particularly using color Doppler ultrasonography, allowed a valid determination of the follicle-luteolysis relationship in the present experiment and may provide information that will be useful in comparing different measures of luteolysis in other studies.
In conclusion, the present study provided evidence that follicular estradiol is an important regulator of the timing of uterine PGF secretion in cattle. A physiological model based on these results provides a plausible explanation for the differences in timing of luteolysis in heifers between cycles with two versus three follicular waves. Additionally, the multiple structural and functional measures of luteolysis provided comparative and standardized criteria for future studies on luteolysis that use ultrasonographic evaluations of the CL.
